We report the crystal structure of a new polymorph of Ca 3 P 2 , and an analysis of its electronic structure. The crystal structure was determined through Rietveld refinements of powder synchrotron x-ray diffraction data. Ca 3 P 2 is found to be a variant of the Mn 5 Si 3 structure type, with a Ca ion deficiency compared to the ideal 5:3 stoichiometry to yield a charge-balanced compound.
INTRODUCTION
Through studies of the Ca-P chemical system, the compounds CaP, Ca 3 P 2 , CaP 3 , CaP 5 , and Ca 5 P 8 have been reported to exist, but the full phase diagram is not known [1] [2] [3] [4] [5] [6] . In particular, knowledge of the compound Ca 3 P 2 is lacking. Ca 3 P 2 is produced in industrial quantities and has been used in several applications, including as a rodenticide [7] , an ingredient in pyrotechnic bombs [8] , and a synthetic precursor to other phosphide compounds [9] . Computational studies have assumed that it crystallizes in the same structure type as Mg 3 P 2 [10] , but to the best of the authors' knowledge, the full crystal structure Ca 3 P 2 has never been reported. Furthermore, although the electronic characteristics of numerous semiconducting metal phosphide compounds such as InP [11, 12] , GaP [13, 14] , and Cd 3 P 2 [15] , have been characterized extensively, to date, there has been limited investigation of the electronic properties of calcium phosphides. The current study is motivated by the nonexistence of a complete phase diagram for the Ca-P chemical system as well as the gap in our knowledge of the properties of calcium phosphides.
Here, we report the existence, crystal structure, and electronic structure analysis of a polymorph of Ca 3 P 2 that crystallizes in the Mn 5 Si 3 structure type (space group P 6 3 /mcm), distinct from a previously reported structure for Ca 3 P 2 [3] . Rietveld refinements of highresolution synchrotron x-ray diffraction data indicate that incomplete occupancy of the Ca sites yields the Ca 2+ -P 3− charge-balanced compound. We also report a new minority phase in the same space group corresponding to the formula Ca 5 P 3 H, in which interstitial hydride ions stabilize the full occupancy of the Ca sites by balancing the overall charge of the compound. Finally, we present electronic structure calculations predicting that Ca 3 P 2 in the Mn 5 Si 3 structure type is a three-dimensional (3D) Dirac semimetal with a highly unusual ring of electronic states with Dirac (i.e. linear E vs. k) dispersions crossing the Fermi energy.
This Dirac ring, comprising states in the k x -k y plane, is protected by crystalline reflection symmetry and negligibly gapped by spin-orbit coupling in a manner highly analogous to the Dirac states of graphene [16, 17] . Ca 3 P 2 may therefore be a promising candidate for the further study of novel quantum transport phenomena in 3D systems.
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EXPERIMENTAL
Calcium metal pieces (99.5% purity) and red phosphorus powder (98.9% purity) were combined in a stoichiometric ratio of 5:3 and sealed in a welded tantalum tube, with no additional purification measures undertaken. The tube was heated in an induction furnace for 2 hours at 1200 • C as measured by a pyrometer. The resulting product was a fine blueblack powder that was sensitive to moisture. Commercial grade Ca 3 P 2 was obtained from
Alfa Aesar (CAS 1305-99-3) for comparison purposes. Initial structural investigation was carried out via powder x-ray diffraction (XRD) on a Bruker D8 Focus diffractometer with Cu Kα radiation. Samples were placed in an airtight holder.
High-resolution synchrotron XRD data was collected using the 11BM beamline at the Crystal orbital Hamilton population (COHP) calculations was calculated via TightBinding Linear-Muffin-Tin-Orbital Atomic Sphere Approximation (TB-LMTO-ASA) using the Stuttgart code [25, 26] . A mesh of 6 × 6 × 4 k-points in the irreducible wedge of the first Brillouin zone was used to obtain COHP curves.
RESULTS AND DISCUSSION
Structural refinement and composition of Ca 3 P 2 and Ca 5 P 3 H Preliminary Rietveld refinements of powder XRD patterns taken on a laboratory diffractometer suggested that the obtained compound crystallized in the space group P 6 3 /mcm, analogous to the compound Ca 5 As 3 [27] . These diffraction patterns were distinct from that of commercially available Ca 3 P 2 , which was amorphous.
Rietveld refinements of the high-resolution synchrotron powder XRD patterns were carried out in the space group P 6 3 /mcm ( Table I , Table II and Figure 1 ) [28] . Close inspection of the h00 and 00l peaks revealed anisotropy (which could not be explained by symmetrylowering) consistent with a two-phase model (see inset of Figure 1 ). Note that this small shift in lattice parameters could not be seen on a lab diffractometer and requires high-resolution diffraction data. This second, minority phase occurs in the same space group as the majority phase with slightly different a and c lattice constants and was necessary to accurately model the pattern (inclusion of a second phase decreased the overall χ 2 from approximately 22 to less than 15). Further systematic peak broadening of the 00l reflections was modeled with selective peak broadening in the last stages of the refinement.
The freely refined site occupancies of Ca and P for the majority and minority phases converged to ratios within error of 3:2 and 5:3, respectively. The majority phase contributes roughly 80% by weight, whereas the minority phase is approximately 20%. Based on Corbett and Leon-Escamilla's previous characterization of stuffed hydride Mn 5 Si 3 -type compounds, such as Ca 5 As 3 H [29, 30] , the minority phase was modeled as Ca 5 P 3 H. We attribute the presence of interstitial H to hydride impurities in the reactant alkaline earth metal or to H 2 diffusion through the Ta tubes at high temperature, both of which are common sources of contamination [29] . While we acknowledge that x-ray diffraction is expected to be insensitive to H-scattering, the inclusion of H on the 2b site is necessary through chemical reasoning to obtain a charge-balanced compound for the minority phase, discussed in further detail below.
The minority phase was refined with an overall thermal parameter, whereas the atoms in the majority phase were treated with isotropic thermal parameters (the Ca sites were constrained to have the same thermal parameter). In the majority phase, the composition was determined by performing a series of refinements where the occupancies of the Ca sites (constrained to have the same percent occupancy) were fixed at incrementally changed values, and the other parameters were allowed to freely refine. This accommodates the possible presence of correlations between refinement parameters [31] . As shown in the inset of Figure 1 , the R Bragg for the majority phase reached a minimum when the Ca sites were 90-95% occupied, yielding a formula within error of Ca 3 P 2 . The occupancies of the Ca sites were therefore fixed to stoichiometric Ca 3 P 2 in the final stages of the refinement. No evidence of vacancy ordering or P deficiency was found. The minority phase consistently refined to full occupancy of the Ca and P sites (the occupancy of H was not refined), yielding the charge-balanced compound Ca 5 P 3 H. Additional tests were performed with oxygen as the interstitial ion stabilizing the minority phase, but this led to poorer agreement of the model to the data, and thus that possibility was eliminated. The final atomic coordinates and occupancies for both phases are given in Table I . Two impurity phases are also present in small proportions, Ca 4 P 2 O (2.5%) and Ca x TaO 3 (0.02%). No attempt was made to obtain the minority hydride phase in pure form.
Visualizations of the structures of Ca 3 P 2 and Ca 5 P 3 H are shown in Figure 2 . The lattice parameters of the phases are similar (Table I) , with Ca 5 P 3 H having a slightly smaller unit cell volume (0.1%). This is in line with the volume trends observed by Leon-Escamilla and Corbett for alkaline earth arsenides of the Mn 5 Si 3 -type structure in the presence of interstitial hydrogen [30] , albeit the volume change here is to a lesser degree. We attribute this to the fact that the Ca deficiency in the hydrogen-free compound reduces the volume of this phase relative to the other alkaline earth pnictides with all sites fully occupied.
As Leon-Escamilla and Corbett have demonstrated, the inclusion of hydrogen in Mn 5 Si 3 -type phases serves a chemically straightforward stabilizing function [29, 30] . Electron counting reveals that a compound with the formula A 5 B 3 , where A is an alkaline earth metal and B is a pnictogen, has one extra valence electron per formula unit (assuming the oxidation states of +2 for A and -3 for B). The inclusion of an interstitial atom such as H or F adopting a -1 oxidation state yields a closed-shell, charge-balanced system. For the light and relatively polarizing elements Ca and P, we expect a metallic Ca 5 P 3 phase to be more unstable than the analogous A 5 B 3 phases with heavier elements. The above electron counting scheme can be applied to qualitatively rationalize both Ca deficiency in the Ca 3 P 2 phase and the H interstitial in the minority Ca 5 P 3 H phase.
Previous thermodynamic studies of the Ca-P chemical system have noted that systematic direct study of the phase behavior is difficult owing to the high volatility and reactivity of the constituents [2] . Based on conditions for Ca 3 P 2 synthesis given in the existing literature [2, 3] , we hypothesize that the Mn 5 Si 3 -type compound reported here may be a highertemperature phase favored by the sealed environment of the tantalum reaction container.
Detailed structural characterization of the polymorph reported in previous studies [3] as well as additional examination of the thermodynamic properties will be necessary to explore the exact relationship between these phases and others in the Ca-P system.
Electronic structure of Ca 3 P 2
To further investigate the nature of stability and bonding in Ca 3 P 2 , quantitative calculations of the electronic band structure, density of states (DOS), and crystal orbital Hamilton population (COHP) were carried out ( Figure 3 ). Both hypothetical Ca 5 P 3 and Ca 3 P 2 were calculated in order to confirm the validity of the electronic structure model for this system. In hypothetical Ca 5 P 3 , the same feature is present 0.5 eV below E F .
Both the COHP and the DOS indicate a region of electron count stability for Ca
In the P 6 3 /mcm space group, crystalline symmetry protects these crossings. Along the Γ-K and Γ-M lines, the valence band has irreducible representation Γ 1 and the conduction band has representation Γ 2 . Due to these different irreducible representations, the band crossings are protected by a mirror plane and C 2 rotational symmetry in the absence of spin-orbit coupling (SOC). SOC allows mixing of the states and opens the crossing [32] .
However, the effect of SOC is negligibly small for the light elements Ca and P. Therefore, even when SOC is applied to our calculation, we do not observe a gap in the crossing.
This type of linear band crossing, also called a bulk Dirac cone, at the Fermi energy has been of recent interest due to interesting physical properties observed in compounds exhibiting such a band structure, such as high magnetoresistance and extremely high mobility [33] [34] [35] [36] [37] [38] . Graphene, for example, is a 2D Dirac semimetal [17, 39, 40] . One of the prominent examples of a 3D Dirac semimetal is Cd 3 As 2 , which has recently gained a lot of attention [35] [36] [37] [41] [42] [43] [44] . Although Cd 3 As 2 crystallizes in a very different crystal structure [41] , the chemical relation to Ca 3 P 2 is still visible. Ca 3 P 2 may be a less toxic alternative to Cd 3 As 2 .
The other known 3D Dirac semimetal, Na 3 Bi, has the disadvantage of being extremely air sensitive, which makes handling very difficult [38] ; Ca 3 P 2 is air-sensitive as well, but to a much lesser extent. is C s and the mirror plane remains a protecting element for all Dirac nodes within the k x -k y plane. Ca 3 P 2 is therefore the first 3D Dirac semimetal predicted where a mirror plane is the symmetry element that protects the crossing of the bands. Mirror planes have been suggested as a protecting symmetry element by Chiu and Schnyder, who propose a classification scheme for reflection-symmetric Dirac semimetals, among which graphene is an example [16] . An analogy therefore can be drawn between the band structures of graphene and Ca 3 P 2 : In graphene, six discrete Dirac points are present at the K and K' points within the k x -k y plane [17, 39, 40] . In Ca 3 P 2 , a continuous, two-dimensional ring of Dirac nodes with sixfold rotational symmetry exists in the k x -k y plane. Figure 4b and 
